In the Bengal Basin of Bangladesh and West Bengal (India), where arsenic (As) and salinity adversely affect groundwater in shallow aquifers (<150 m deep), consumers increasingly turn to "the deep aquifer" as a source of low-As and low-salinity water.
| INTRODUCTION
Groundwater, drawn from fluvial and deltaic sediments of the Ganges-Brahmaputra-Meghna delta (the Bengal Basin), is the principal source of water for drinking, irrigation, and industry in Bangladesh and West Bengal, India. Groundwater at depths of <150 m is widely, but not uniformly, polluted with arsenic (As), a colourless, odourless, tasteless, carcinogen that has severely and adversely affected the health of tens of millions of consumers (Ravenscroft, Brammer, & Richards, 2009; Smith, Lingas, & Rahman, 2000) . To compound the problem of As, groundwater in the Bengal Basin is widely contaminated by salinity, iron (Fe), and manganese (Mn). Hand-pumped tubewells, the principal means of domestic supply, are also affected adversely by declining piezometric levels, which widely fall below suction limits (~7.5 m below ground level [m bgl]) for part of the year (e.g., Ravenscroft et al., 2014) .
To mitigate the effects of As-pollution in shallow groundwater (<150 m bgl), in some areas it is possible to obtain low-As water by
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increasing well depths by a few tens of metres, but generally, groundwater from depths >150 m is the water source of choice because it is usually "arsenic-safe" (<10 μg/L), has low salinity, is more aesthetically acceptable in terms of Fe and Mn, and so is popular with users albeit in defiance of government policy and subject to much concern over the sustainability of the resource (Arsenic Task Force, 2004; Burgess et al., 2010; Department of Public Health Engineering [DPHE], 1999; Government of Bangladesh, 2004; Local Government Division, 2011; Michael & Voss, 2008; Mosler, Blöchliger, & Inauen, 2010; Radloff et al., 2011) , although it has been argued that the possible degradation of the resource to alleviate present As-poisoning represents acceptable risk-substitution (Ravenscroft, McArthur, & Hoque, 2013) .
Here, we follow the local convention of using the terms "deep aquifer" and "deep tubewell" (DTW) to describe any aquifer or well deeper than 150 m. To date "the deep aquifer" has been insufficiently studied and treated as a monolithic resource, that is, a single unit, with the implicit understanding that it is essentially the same everywhere. This approach has been largely driven by a shortage of good information. We build on earlier suggestions (Hoque, Burgess, & Ahmed, 2008; Ravenscroft, McArthur, & Hoque, 2001 ) that the deep aquifer may not be homogeneous and show that at least eight distinct, contiguous deep aquifer units can be identified ( Figure 1 ; Table 1 ).
It is difficult to define aquifer units at a scale applicable to water resource planning in a basin as large as the Bengal Basin. It is not practical to correlate the small-scale lithostratigraphical units such as beds and members over large distances, and there is no comprehensive Quaternary stratigraphical column (Alam, Alam, Curray, Chowdhury, & Gani, 2003; Alam, Hassan, Khan, & Whitney, 1990) . Although the properties of shallow aquifers have been correlated with geomorphological units (DPHE, 1999; Ravenscroft, 2003) , this is less helpful for deeper aquifers. To produce a classification that is meaningful at a scale of 10 1 to 10 2 km, we invoke geomorphological, hydrochemical, Water levels ≤3-4 m bgl.
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| GEOLOGICAL AND HYDROGEOLOGICAL SETTING
The geology of the Ganges-Brahmaputra-Meghna delta and its tectonic equivalent the Bengal Basin, the largest Asian mega-delta, is described by Morgan and McIntire (1959) , Goodbred (2003) , Goodbred et al. (2014) , and Wilson and Goodbred (2015) Ravenscroft et al., 2013) and preliminary basinal scale modelling (Burgess et al., 2010; Michael & Voss, 2008 , 2009b Radloff et al., 2011) .
Alluvial-deltaic sediments thicken from the northwest into the delta region where aquifers transition from coarse-grained, one or two-layered systems, to finer grained multilayered aquifers. Aquifers of Plio-Pleistocene age are generally overlain by a few tens to more than a hundred metres of Holocene sediment and crop out along the eastern and western basin margins. The Holocene floodplains are interrupted by the terrace-like Madhupur and Barind Tracts that are surfaced by polyphase palaeosols (Alam et al., 1990; Goodbred, 2003; Brammer, 2012 ; Figure 1 ). Beneath the floodplains, buried palaeosols form important and extensive aquitards McArthur et al., 2008) . The deep aquifers have similar permeabilities to shallow Pleistocene aquifers beneath the Madhupur and Barind Tracts but that deep aquifers in southeast Bangladesh could be twice as transmissive and have larger storage coefficients than those in the south-central region (Ravenscroft et al., 2013) . (Pickering et al., 2014; Pickering et al., 2017) that controlled the discharge of groundwater. In addition, dependent on their position relative to the hinge zone (Figure 1 ), the deep aquifers underwent tens to perhaps more than a hundred metres of subsidence between interglacials (e.g., Goodbred, 2003; Johnson & Alam, 1991) . During the LGM, rivers discharged to the ocean a hundred kilometre or so beyond the present shoreline (Hübscher et al., 1998) , and the adjacent interfluves had a thick unsaturated zone overlying fresh groundwater.
The rise in sea level between 18 and 6 Ka was so rapid (averaging >1 cm a year) that, combined with deposition of fine sediment, groundwater quality, and possibly even groundwater levels (cf. Kooi & Groen, 2003) , could not keep pace (i.e. establish a new equilibrium), trapping fresh or partially salinized groundwater offshore. Rapid sea level rise caused intrusion of estuarine water along the Ganges, Brahmaputra, and Meghna rivers (Hoque, Hasan, & Ravenscroft, 2003) , with varying qualities of surface water invading adjacent aquifers at different times. Some of the elevated blocks would have developed into large islands before being inundated by fresh or brackish water . The complex interaction between the magnitude and timing of channel incision, subsidence, and depositional closure of groundwater discharges likely determined the variations in the deep aquifers discussed later.
The unconformable surfaces of the palaeosol-capped interfluvial blocks (Hoque et al., 2012; McArthur et al., 2008) are fundamental divisors of the aquifer system, separating pre-LGM sediment from virtually unaltered post-LGM sediment. The LGM palaeosol (LGMP ; Goodbred Jr. & Kuehl, 2000a , 2000b McArthur et al., 2008) forms a barrier between the unweathered, often As-polluted, grey, post-LGM sediment above from almost-always As-safe, sediment below.
Deep aquifers are exploited for potable supply to depths of about 350 m by manually operated DTWs, which are the preferred smallscale supply where shallow tubewells are affected by As or salinity (Inauen, Hossain, Johnston, & Mosler, 2013; Johnston et al., 2013; Mosler et al., 2010; Ravenscroft et al., 2014) . Such DTWs have been installed in most of the southern, central, and northeastern parts of the country but are concentrated towards the coast ( Figure S1 ) where motorised DTWs are the main source of municipal and industrial supply. DTWs are also a growing source of supply at Dhaka City but are rarely used for irrigation except in West Bengal. The depth of abstraction tends to increase towards the coast ( Figure S2 ) due to the increasing prevalence of saline water at intermediate depths. Jones (1985) and Khan (1991) both speculated on the existence of aquifers at depths of between 500 and 1,500 m, but these ideas have never been tested and are not considered further here.
| DATA SOURCES AND PROCESSING
We compiled a database of ≈24,000 deep wells and piezometers that contains data on well depth, GPS location, piezometry, water quality, and isotopic composition (Tables S1 to S4 ). The main water quality data are laboratory analyses of Cl, As, Fe, and Mn, which are widely measured as determinants of potability. The 20 data sets we compiled are described in Data S1. The data come from surveys conducted between 1998 and 2014, for which, based on data measured over 13 years from the South-Central aquifer (Ravenscroft et al., 2013) , we infer temporal stability of water quality over the period of measurement. The short screens (3-6 m) of most DTWs approximate point measurements of water quality, allowing the construction of As-depth profiles ( Figure 2 ) and interpolated surfaces of probable As, Fe, and Mn ( Figure 3 ) and Cl concentrations ( Figure 4 ) using the ArcView Spatial Analyst ® software. Other maps were prepared using the QGIS software. However, some isolated pockets of As contamination exceeding 50 μg/L may be due to incorrect reporting of well depth or construction defects (Aggarwal, Basu, & Poreda, 2000; Choudhury et al., 2016; Ravenscroft et al., 2014; Stahl et al., 2014) , and where such evidence was demonstrated, the record was omitted (Data S3), but where no contradictory evidence was obtained, anomalous records were retained. The reasons for incorrect depths are often non-scientific, but the practical implication is that individual outliers should be treated with caution, and our approach was to look for verification by identifying patterns and consistency between independent data sources.
We also compiled a database on stable isotopes ( 
| THE DEEP AQUIFERS
The deep aquifer units we define ( Figure 1 ; Table 1) 
| The Sylhet Basin deep aquifer
DTWs in this aquifer unit have a median depth of 173 m (n = 58) with 95% of wells less than 220 m. This is the only deep aquifer that is FIGURE 3 Interpolated surfaces of As, Fe, and Mn concentrations in DTWs. Data from the multiple sources listed in the text. The numbers of data points are As 3,402; Fe 24,398; and Mn 1,664. Surfaces interpolated using ArcView Spatial Analyst ® using the inverse distance weighted routine for 12 nearest neighbours, a power of 2 and no barriers; output surfaces were clipped to show results for a 3-km mask created around data points 
| The South-Central deep aquifer
This is the deepest aquifer unit, with a median well depth of 265 m (n = 3,880). The aquifer is the most isolated from the basin margins and displays well-defined layering (DPHE-Danish International Development Agency, 2001; Data S2). Brackish water is common above FIGURE 7 Vertical head differences and selected hydrographs from deep and shallow aquifers. The data sources are DPHE monitoring of dry season depth-to-water in adjacent deep (in theory >150 m, but in some areas less) and shallow wells. From experience, and because the wells are close (at least within the same village), they are assumed to be at the same elevation and the depths to water were subtracted from each other to indicate whether the hydraulic gradient is upward or downward. The hydrographs are from nested piezometers reported in BWDB (2013), although for clarity only one deep (≥178 m) and one shallow (≤67 m) hydrograph are shown from each nest, which are shown in blue and red respectively. Note that water levels are shown as depths to water below ground level; and piezometers are screened in fresh (≤2,000 μS/cm) water except for the shallow piezometers at Barguna and Noakhali, which if corrected for density would increase the observed downward gradient 200 m, but below this depth, water is fresh (<50 mg/L Cl) with As <10 μg/L, Fe <1 and often <0.3 mg/L, and Mn <0.1 mg/L. The SC groundwater is isotopically heavier (mostly δ Figure S8 ) contain unlagged, parallel trends suggesting that mechanical loading, as opposed to recharge, is responsible for the deep water level fluctuations (cf. Burgess et al., 2017) . At the northernmost site, where all groundwater is fresh, the deep piezometric surface is below sea level, and the gradient is downward. However, at the other sites where the deep piezometers are screened in brackish (and unpumped) horizons, gradients are either upward or seasonally variable. The association between density-corrected freshwater head and EC ( Figure S9) suggests the presence of "dead-end" or "isolated" aquifers that were not flushed during the LGM and that the downward gradients recorded further inland have been induced by pumping.
By contrast, the West Bengal part of the SW deep aquifer has been abstracted both for municipal (including at Kolkata) and irrigation purposes since the 1970s, creating stronger downward fluxes and Ball (2016) have inferred that low level As contamination (≤15 ppb) below some palaeochannels was generated in situ (i.e., not drawn down under the influence of pumping).
| The Central deep aquifer
The Central aquifer has a median well depth of 225 m (n = 377) and O −3.3‰ to −6.6‰) than in the SW, SW, SE, and CC aquifers and is similar in isotopic composition to water in the main rivers.
Groundwater in this aquifer is increasingly enriched in δ was fundamentally an empirical guide to As-avoidance at national level (DPHE, 1999; Ravenscroft et al., 2014) . Although As-safe depths may be much less (e.g., McArthur et al., 2008; van Geen et al., 2016) , the 150 m criterion remains useful for structuring discussions; it should be progressively superseded with aquifer-specific hydrogeological criteria, such as between the Upper and Lower Dupi Tila aquifer at Dhaka City, which include information on the vertical continuity and recharge pathways between shallow and deep aquifers and the distribution of the LGMP and older palaeosols.
The aquifer units we define all have varying degrees of internal layering. Assessing the significance of this is beyond the present scope and the availability and spatial definition of present information on water chemistry and piezometry. Although not apparent now, it is to be expected that divergent piezometric trends will be observed with increased development.
| Offshore extensions
The offshore extension and natural discharge mechanisms of the coastal deep aquifers are largely unknown. In other mega-deltas, rising sea levels trapped fresh water far offshore (Kooi & Groen, 2003; Post et al., 2013) , and because the Bay of Bengal lay some 100 km to the south during the LGM (Hübscher & Spieß, 2005) , it is likely that extensive fresh or brackish water reserves occur offshore of at least some of the deep aquifers, a notion supported by artesian flows on offshore islands and inferences from ancient coastlines (Wiedicke, Kudraß, & Hübscher, 1999) . Seismic evidence suggests the SC aquifer, and probably also the SE and SW aquifers, extends more than a hundred kilometres offshore, although the water quality is unknown [Data S5; Figure S11 ]. Gradients of B, Na, and Cl suggest the SC aquifer once discharged westwards towards a former extension of the Swatch of No Ground ; Figure S12 ). The preservation of these gradients in fresh groundwater dating from at least the LGM points to progressively restricted continuity of the SC deep aquifer with the ocean during the Late Pleistocene.
| Piezometric responses to development
The Drawdown of the predevelopment piezometric surface is greatest inland, but the separation between shallow and deep water levels becomes more permanent towards the coast (Figure 7) . Near the coast, where DTWs have been used longest and groundwater is older, dynamic water levels rarely fall below suction limits. In the Central aquifer and much of the SE aquifer, where dry-season water levels fall to 6 to 12 m bgl ( Figure S7 ) rendering suction pumps inoperable, the aquifers have been deeply penetrated by Holocene groundwater, suggesting greater vertical continuity than at the coast.
The perennial downward gradients approaching the coast and the greater drawdown of the piezometric surface inland were not expected based on classical flow-net analyses of basinal flow (e.g., Toth, 1970) . Possible explanations for downward gradients are (a) deep submarine groundwater discharge, (b) natural gas abstraction, and (c) geological under-pressure due to incomplete equilibration to post-LGM base level change (Data S4). Submarine discharge has been advocated to explain marine geochemical anomalies (Basu, Jacobsen, Poreda, Dowling, & Aggarwal, 2001; Moore, 1997) but is inconsistent with the inland gradients in the SW aquifer and other evidence (Harvey, 2002 ; Data S4). Gas abstraction could be of only local significance because there are few commercial gas fields in the area. However, the third alternative, incomplete equilibration, is possible (Data S4).
Because deep abstraction for irrigation is minimal (e.g., BADC, 2015), greater unit drawdowns in deep aquifers than in overlying shallow aquifers are readily attributed to the small storage coefficients of confined aquifers. However, the greater drawdowns in the less confined inland deep aquifers, compared with their coastal equivalents, cannot be explained by the distribution of DTWs used for potable supply alone ( Figure S1 ) and calls for an additional explanation. One possibility is that deep water-levels near the coast are maintained in dynamic equilibrium by release from confined storage and/or compaction-induced flow offshore (cf. Kooi, 1999) . A second, and not mutually exclusive, possibility stems from the probability that both deep and shallow abstraction are partially maintained by leakage from intervening aquitards. Near the coast, flow is predominantly downward whereas inland, long-term irrigation abstraction from shallow aquifers may have resulted in dominantly upward leakage such that downward leakage from aquitards at intermediate depth is less able to balance abstraction from the deep aquifer. To resolve such issues, monitoring of piezometric levels in intervening aquitards is required. Such leakage might induce land subsidence.
| Groundwater recharge through the Late Quaternary
The disposition of isotopic characteristics in the deep aquifers offers insights into dominant, active, and dormant flow paths and thereby how they may respond to development. Our classification of deep aquifer units allows recognition of five distinct periods of groundwater recharge in the Bengal Basin between the LGM and the present:
• Period 1: 30-15 Ka. No groundwater has been dated at more than 25 Ka, but groundwaters dated at more than 17 Ka or containing less than about 12 pmC are believed to have been recharged during the LGM, and some could be at least as old as 30 Ka. At this time, sea levels and river incision were at their lowest; the shoreline was displaced 100-150 km to the south; monsoonal circulation was greatly reduced; and the main river channels operated as a "conveyor belt" to the marine delta (Blum & Törnqvist, 2000) , O −1.5‰ to −3.5‰), possibly derived from a local precipitation system rather than Himalayan melt water.
Recharge occurred mainly along the palaeovalleys with little recharge occurring through the intensely weathered soils of the interfluves but sufficient to oxidise the underlying sands. Period 1 groundwater is low in As, Fe, Mn, and Cl.
• Period 2: 15-10 Ka. A few groundwater samples from the SE, SC, and SW aquifers, with 14 C activities of >12 to about 30 pmC have been dated at between 10 and 15 Ka. Period 2 was marked by a combination of continued conveyor-belt system with vertical aggradation along the main channels (Hübscher et al., 1998; Hübscher & Spieß, 2005) higher Cl than in older waters.
• Period 3: 10-5 Ka. The Early Holocene involved the transition to a more modern type of environment with re-establishment of monsoonal circulation, aggradation in the main channels followed by flooding of the interfluves, and progradation of deltas into the newly created paludal basins (Goodbred, 2003; Goodbred Jr. & Kuehl, 2000a , 2000b McArthur et al., 2004) . This flooding comprised both freshwater and marine events (Hoque et al., 2003) .
Period 3 • Period 4: 5-0.05 Ka. The later Holocene (excluding the Anthropocene) built up the present land surface along the main channels and across the interfluves, burying Early Holocene peat basins beneath silty or sandy deposits (Allison, Khan, Goodbred Jr, & Kuehl, 2003) . These groundwaters lack tritium but contain more than about 50 pmC and are mostly recorded from the SE, Central, and Western aquifers. Groundwater recharged in Period 4 is lighter (δ
18
O −5‰ to −7‰) than older waters and overlaps the composition of modern rivers and rainfall (Mukherjee, Fryar, & Rowe, 2007; Sengupta & Sarkar, 2006) . This differs from the Anthropocene in which recharge is derived dominantly from local rainfall (Master Plan Organisation, 1987; WARPO, 2001 ), a change partially attributed to stabilisation of the land surface and restriction of riverine flooding by agricultural activity (Brammer, 2012) .
• Period 5: 50-0 Ka. These modern waters contain "bomb" tritium and/or more than 100 pmC. They are not significant in deep aquifers, and any such detection in a deep well is a potential indication of a leaking well casing.
Although water recharged in Periods 4 and 5 is predominant in the shallow aquifers, groundwater in deep aquifers is dominated by recharge in Periods 1 and 3. This bimodal distribution characterises two dominant modes of occurrence; the first in hydraulically enclosed situations that resisted flushing during, and in the early-post, LGM times, and the second the result of infiltration along, and rapid throughflow from, the aggrading LGM palaeochannels before deep circulation was curtailed by the reduced hydraulic gradients consequent on sea-level rise and fine-sediment accumulation from mid-Holocene times.
| UNCERTAINTY AND RESEARCH NEEDS
There are many gaps and uncertainties in our definition of deep aquifer units, and probably many surprises yet to be discovered. Uncertainties derive from two main sources: the absence of information and erroneous or misleading information. Anomalous water quality and isotopic data warrant selective investigation of the depth and integrity of wells and the collection and analysis of that water.
"True" three-dimensional aquifer boundaries, resulting from tectono- piped systems will require treatment from the outset. Where removal of both Fe and As is required, shallow groundwater may be easier to treat due to higher Fe : As ratios (Ravenscroft et al., 2009) . Deep piezometric levels will increasingly fall below suction limits in the SE, Central, Western, and perhaps other aquifers, so new DTWs should be equipped with force mode pumps to prevent obsolescence and studies undertaken to predict declining piezometric and/or water quality trends.
The deep aquifer units show not only broad similarities to but also important differences from the surface water based Extended Hydro- C ages that pre-date about 7 Ka will improve understanding but cannot be used directly for model calibration. Thus, model results must be presented to resource managers and policy makers with appropriate qualifications regarding their accuracy and reliability.
The experience of intensive pumping for municipal supply at Khulna City since the 1960s has led to the perception that deep groundwater abstraction can be sustained for decades and possibly centuries (Hoque et al., 2008; Ravenscroft et al., 2013; , however, it would be imprudent to generalise responses between aquifers. The inference of down-gradient closure of the coastal aquifers in the centre of the basin (Data S5) implies a low risk of sea water intrusion, but vertical leakage of As or brackish water remain significant risks that require sentinel monitoring, further investigations, and progressive refinement of numerical models and wellfield layouts-a process of adaptive abstraction management.
Although the precautionary principle favours conserving deep groundwater for potable use, exploitation now would provide the most benefit for the greatest number (Ravenscroft et al., 2013) , particularly as there is a realistic prospect that deep pumping will induce regional scale in situ removal of As (Ravenscroft et al., 2009; Stollenwerk et al., 2007) . Where such removal occurs, deep aquifers might also be exploited as a source of low-As irrigation water. The utility of the deep groundwater resource could be enhanced by managed recharge of excess surface water during the monsoon.
| CONCLUSION
The 
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